Boronic acids are active-site inhibitors of serine P-lactamases, and a phenylboronic acid-agarose affinity column has been used to purify j-lactamase from crude cell extracts of several bacterial species. We applied phenylboronic acid-agarose chromatography to the purffication of Staphylococcus aureus P-lactamase. Two factors interfered with the success of the previously described single-step chromatographic protocol. First, staphylococcal ,l-lactamase exhibited non-active-site-mediated adsorption to the agarose used as a support for the meta-aminophenylborate ligand, preventing the recovery of j-lactamase from the column. Second, the staphylococcal (-lactamases exhibited low affinity for meta-aminophenylborate with inhibition constants (K's) ranging from 8.0 x 10-3 to 20.0 x 10-3 M. These problems were resolved by modifying the buffers utilized during chromatography and increasing the dimensions of the affinity column, and a two-stage procedure consisting of cation-exchange chromatography followed by affinity chromatography was used to purify each of the four variants of staphylococcal ,I-lactamase. The mean specffic activities of the purified type A, B, C, and D 3-lactamases were 44.6, 12.2, 10.6, and 30.8 ,3-lactamase in pure form from a variety of bacterial species, including Bacillus cereus, Pseudomonas aeruginosa, Enterobacter cloacae, Klebsiella aerogenes, and Pseudomonas maltophilia (4). The present study investigates the applicability of the chromatographic method described by Cartwright and Waley to the purification of the four recognized variants of staphylococcal 1-lactamase. A modified protocol useful in the preparation of purified P-lactamase from S. aureus is described.
In 1963, Richmond described an elaborate protocol for the purification of Staphylococcus aureus 1-lactamase that involved chromatography on two cation-exchange resins, sucrose gradient centrifugation, and sucrose electrophoresis (26) . These methods were used to purify three variants of S. aureus P-lactamase, which were designated types A, B, and C (27) . Although an additional staphylococcal ,-lactamase, type D, was reported in 1973 (31) , most of the subsequent attempts to purify and characterize staphylococcal P-lactamase have been restricted to the type A enzyme. Indeed, most investigations that have included the purification of staphylococcal P-lactamase have used only a single isolate of S. aureus, strain PC1, which is a high-level constitutive producer of the type A ,-lactamase. Whereas most S. aureus isolates produce in excess of twenty exoenzymes (2) , strain PC1 makes relatively few contaminating proteins, a trait which favors its use in ,-lactamase purification.
Although the methods employed in the purification of S.
aureus P-lactamase over the last 15 years are simpler than those originally described by Richmond, the majority still involve ion-exchange chromatography followed by either an additional ion-exchange chromatographic step (30) or gel filtration (1, 20, 32) . Furthermore, since most of these modified protocols have been applied only to the purification of ,3-lactamase from strain PC1, whether they also can purify ,B-lactamase from other S. aureus strains, including those that produce type B, C, and D P-lactamases has not been determined.
In 1984, Cartwright and Waley described an affinity column suitable for the rapid purification of serine ,-lactamases (4) . On the basis of the observation that borate compounds are reversible, active site-directed inhibitors of serine P-lac-* Corresponding author.
tamases (8, 15) , meta-aminophenylborate was linked to an agarose gel and a one-step protocol was used to obtain ,3-lactamase in pure form from a variety of bacterial species, including Bacillus cereus, Pseudomonas aeruginosa, Enterobacter cloacae, Klebsiella aerogenes, and Pseudomonas maltophilia (4) . The present study investigates the applicability of the chromatographic method described by Cart- wright and Waley to the purification of the four recognized variants of staphylococcal 1-lactamase. A modified protocol useful in the preparation of purified P-lactamase from S. aureus is described.
MATERIALS AND METHODS
Organisms. S. aureus strains that produce each of the four variants of staphylococcal ,-lactamase were evaluated and included PC1(pl524) and RN11(pI258) (type A P-lactamase), 22260 and ST79M41 (type B P-lactamase), V137 (type C 1-lactamase), and FAR8 and FAR10 (type D P-lactamase).
The sources and pedigrees of these strains have been described previously (12-14, 16, 23, 24, 26, 31 at a rate of 100 ml of eluent per h. Ten-milliliter fractions were collected, and the fractions with ,-lactamase activity were pooled. Following either batch or gradient elution from the cation-exchange resin and prior to application of the sample to the affinity column, the P-lactamase-containing eluent was concentrated to 10 ml on an ultrafiltration-stirred cell by using a YM10 membrane, diluted to 100 ml with 0.5 M ammonium sulfate-0.02 M sodium citrate, pH 6.0, and reconcentrated to 10 ml. This wash step was repeated once again prior to affinity chromatography.
Affinity chromatography. The meta-aminophenylborate ligand was linked to succinimide-activated Sepharose 4B as described by Cartwright and Waley (4). Impure P-lactamase extracts prepared from plate washes and broth filtrate (see above) were applied to columns with dimensions of 0.9 by 30 and 2.5 by 16 cm, respectively. For the initial experiments, the column wash buffer contained 0.02 M triethanolamine hydrochloride-0.5 M NaCl, pH 7.0, and the eluting buffer contained 0.5 M borate-0.5 M NaCl, pH 7.0, as previously described (4) . Because of nonspecific adsorption of the staphylococcal ,B-lactamase to the agarose gel with these buffers and on the basis of the results of an empiric trial of several buffers (see Results), 0.5 M ammonium sulfate-0.02 M sodium citrate, pH 6.0, was used to load, wash, and elute the 3-lactamase in subsequent purification attempts. After each use, the affinity column was washed with 500 ml of 0.5 M borate-0.5 M ammonium sulfate-0.02 M sodium citrate buffer, pH 6.0, and stored at 4°C. Following affinity chromatography, P-lactamase-containing fractions were pooled and concentrated to 4 ml with an ultrafiltration-stirred cell and YM10 membrane. The percent yield of the chromatographic steps was determined by comparing the amount of P-lactamase activity present postchromatography with that of the preparation loaded onto the column.
Characterization of ,-lactamase. ,B-Lactamase activity was quantitated by monitoring the hydrolysis of a 100 ,uM solution of nitrocefin in 0.1 M sodium phosphate buffer (25) . Assays were performed with 1-cm cuvettes at 37°C with a DU-70 recording spectrophotometer (Beckman Instruments, Fullerton, Calif.). Hydrolysis rates were reported as micromoles (or nanomoles) of nitrocefin degraded per minute per volume (or per milligram of protein). Protein concentration was determined by the method of Bradford (3), with an albumin standard curve (Bio-Rad Protein Assay Kit; BioRad Laboratories, Richmond, Calif.).
Inhibition constants (Kis) associated with P-lactamase extracts prepared from washes of bacteria harvested from 1% CY-Tris-methicillin agar were determined by monitoring the initial velocity of hydrolysis of multiple concentrations of nitrocefin in the presence of meta-aminophenylboronic acid and boric acid and in the absence of either inhibitor. A commercially available extract of E. cloacae ,B-lactamase (P4524; Sigma) was similarly evaluated. Initial velocity assays were performed at 30°C with 1-cm cuvettes in 0.02 M triethanolamine hydrochloride-0.5 M NaCl, pH 7.0. Doublereciprocal plots (9, 18) were constructed for each reaction with computerized software (Dose-Effect Analysis with Microcomputers; Elsevier-Biosoft, Cambridge, United Kingdom), and the Ki was determined from the observed change in the slope of the double-reciprocal plot of the inhibited versus the uninhibited reactions (5, 34) .
Polyacrylamide gel electrophoresis. The purity of each 1-lactamase preparation following cation-exchange chromatography and affinity chromatography was compared by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (17) . Prior to electrophoresis, the protein content of each preparation was precipitated by the addition of a 1-g/ml trichloroacetic acid solution in a 4:1 preparation volume/ trichloroacetic acid volume ratio. Precipitates were washed twice with 70% ethanol and resuspended in 0.1% SDS buffer. Electrophoresis was performed in 15% polyacrylamide gels, which were strained with Coomassie brilliant blue. Reagents and molecular weight standards for SDS-polyacrylamide gel electrophoresis were purchased from Bio-Rad Laboratories.
RESULTS
Initial investigations. Because of the reported success of the phenylboronic acid-agarose affinity column in purifying serine 1-lactamases to homogeneity from crude specimens (4), we first developed a rapid method to harvest an impure but potent preparation of ,-lactamase from strains of S. aureus. On the basis of work by Coles and Gross showing that extracellular P-lactamase remains cell bound under selected growth conditions and subsequently can be liberated by exposing the cells to various buffers (6, 7), S. aureus PC1 was grown on 10 petri dishes (10 by 150 mm) containing 2178 KERNODLE ET AL. (4), less than 1% of the original ,-lactamase activity was recovered when the recommended eluting solution (0.5 M borate-0.5 M NaCl, pH 7.0) (4) was applied to the column. Also, when similarly prepared extracts of type B, C, and D P-lactamase-producing strains (22260, V137, and FAR10, respectively) were loaded onto the affinity column, minimal P-lactamase activity was recovered. Three experiments were conducted to investigate the failure of the column to yield purified staphylococcal ,B-lactamase. First, a commercially obtained crude preparation of an E. cloacae ,-lactamase was purified on the column without difficulty, indicating that the column worked and suggesting that the problem may be related to the differences between the Enterobacter and staphylococcal 1-lactamases. Next, we determined inhibition constants (Kis) of metaaminophenylborate for the staphylococcal ,-lactamases (Table 1), finding that they are severalfold greater than the K1 values reported for the P-lactamases that had been purified by Cartwright and Waley (4), and for the E. cloacae P-lactamase. This result suggested that the S. aureus ,-lactamases should bind less avidly to the meta-aminophenylborate ligand on the affinity column than the previously purified ,-lactamases, an observation which failed to explain why staphylococcal P-lactamase could not be eluted from the column. Next, a small portion of the agarose gel from the column was removed and added to 1 ml of a 100 ,uM --nitrocefin solution, producing a nearly instantaneous yellowto-red color change (25 7.8 , as the high-salt solution used to elute 1-lactamase, as a batch (300 ml, two times) from the cellulose phosphate. Subsequently, the P-lactamase-containing eluent was concentrated and diluted fourfold with deionized water, yielding the partially purified 3-lactamase preparation in the desired buffer. After concentration to 10 ml, the preparation was loaded onto a phenylboronic acid-agarose column (2.5 by 16 cm) and washed continuously with additional loading buffer at a rate of 40 ml/h. Whereas most of the contaminating proteins were eluted from the affinity column in the immediate post-void volume fractions, the progression of 1-lactamase through the column was delayed by its interaction with the meta-aminophenylborate ligand on the column, resulting in effective separation between the two peaks ( Fig. 1) . Indeed, for strain PC1, affinity chromatography produced pure P-lactamase, as evidenced by a single protein band following electrophoresis on an SDS-polyacrylamide gel (Fig. 2) . For the other reference strains, however, and in particular those that produced the B and C variants, the P-lactamase-containing fractions postchromatography also VOL. 34, 1990 ANTIMICROB. AGENTS CHEMOTHER. contained contaminating proteins (Fig. 2) , despite the fact that the separation between protein peaks during affinity chromatography was comparable to that displayed in Fig. 1 .
To facilitate the purification of type B, C, and D f-lactamases, we improved the purity of the extracts applied to the affinity column by employing a gradient, rather than batch, elution of the 1-lactamase from the cellulose phosphate. Staphylococcal ,B-lactamase was invariably among the last proteins to elute from the column (Fig. 3) . Only the fractions that exhibited potent P-lactamase activity (e.g., fractions 56 to 63, Fig. 3) were pooled, concentrated, and further purified by affinity chromatography. By reducing the amount of contaminating proteins applied to the affinity column, improved purity of the final preparations was achieved (Fig. 4) .
The yields and specific activities of the purified staphylococcal 13-lactamases are summarized in ( Fig. 5) , suggesting that the band represented dimer formation from sulfhydryl cross-linking. The purified type A, B, and C 3-lactamases did not exhibit dimer formation (Fig. 4) .
DISCUSSION
The affinity column described by Cartwright and Waley (4) is potentially a time-saving tool in the investigation of ,B-lactamase-mediated resistance among bacterial pathogens. We have described the use of phenylboronic acid-agarose affinity chromatography in the purification of ,-lactamases produced by S. aureus. Although ultimately successful, the purification procedure required substantial modifications that made it more complex than the originally described protocol.
Despite the need for two chromatographic steps, we believe that this protocol compares favorably with other methods used to purify S. aureus P-lactamase. Among its advantages are the small size of the affinity column, which can be stored in the refrigerator between use and can be used multiple times. We performed both cation-exchange chromatography and affinity chromatography overnight at room temperature, generally setting up the column in the late afternoon and collecting the fractions with purified P-lactamase the following morning. The whole purification procedure from the time of initial separation of cells from broth supernatant via centrifugation to the recovery of purified ,B-lactamase took 2 days to complete.
The difficulties encountered during the purification of S.
aureus P-lactamase, in contrast to the original, simpler protocol used to purify P-lactamases from a variety of gram-negative species and B. cereus (4) , are in part due to differences in the biological characteristics of these enzymes. Whereas the maximal Ki for meta-aminophenylbo- sorbed strongly to glass, sand, and the surfaces of negatively charged particles (26) . He suggested that this binding resulted from the basic nature of staphylococcal ,B-lactamasethe best characterized variant, the type A r-lactamase, contains a high proportion of lysine residues (43 of 257 amino acids, or 16.7%) (1) and has a reported isoelectric point of 8.9 (28) to 9.55 (32) . Prior to using the cation-exchange and affinity chromatographic protocol described in this report, we had employed sequential cation-exchange and gel filtration chromatography as described by Schaeg et al. (32) to purify staphylococcal ,-lactamase. Although the type A P-lactamase from strain PC1 was purified in high yield, <1% of the type B ,B-lactamase was recovered from the gel filtration column (Sephadex G-100, superfine; Pha..nacia) by the same protocol (D.S.K. and J.R.C., unpublished observations). However, by adding to the eluting solvent either 0.1 M sodium PP1, pH 8.0, or 0.1 M sodium citrate, pH 6.0, two buffers that exhibit a marked dissociating effect on hydrogen bonds (19) , the recovery of the type B variant during gel filtration increased to 40%. In this investigation, we have described a similar dissociating effect of sodium citrate buffer on the adsorption of P-lactamase to the Sepharose gel used with affinity chromatography. Since both Sephadex (polydextran) and Sepharose (agarose) contain contaminating negatively charged groups (carboxyl and sulfate, respectively) (11), it is possible that ionic attraction between the strongly basic staphylococcal 3-lactamase and these components mediates the adsorption observed with both gels. Indeed, the adsorption of another strongly basic protein, cytochrome c, has been used to quantitate the amount of negatively charged groups per gram of gel (11) . Hydrophobic protein-gel interactions may also be important in mediating the observed adsorption.
These observations raise the question of where staphylococcal 3-lactamase is located in the normal environment of the bacterium. Although both extracellular and cell-associ-VOL. 34, 1990 ated 3-lactamases have been described previously (22) , even the location of the extracellular portion varies according to the medium in which the strain is grown. Coles and Gross have shown with strain PC1 that the proportion of staphylococcal ,-lactamase present in the supernatant of broth medium is much greater when the medium is buffered with phosphate (40% exoenzyme) than when it is buffered with Tris hydrochloride (<2% exoenzyme) (6) . Presumably, in Tris the extracellular ,B-lactamase is ionically or hydrophobically bound to cell wall structures (6) , whereas the P-lactamase is soluble in phosphate buffer and is displaced from the cell. The possibility that extracellular staphylococcal P-lactamase normally adheres to cell wall structures and therefore is concentrated close to the bacterium that produced it is teleologically attractive, since it produces a situation similar to that observed with gram-negative bacteria, in which ,-lactamase is restricted to the periplasmic space by its inability to pass through the outer membrane (29, 35) . Such conditions may increase the enzyme-to-substrate ratio around the bacterium, thereby improving the likelihood of ,B-lactamase-substrate interaction and contributing to the survival of the bacterium in the presence of P-lactam antimicrobial agents. How ,3-lactamase is partitioned and whether ionically bound versus true extracellular localization varies with the different pathogenic processes caused by S. aureus (e.g., abscess versus endocarditis) as a consequence of the microenvironment (i.e., pH and solutes) surrounding the bacterium remain to be determined.
Methods for the rapid purification of S. aureus ,B-lactamases, such as those described in this study, will facilitate the characterization of the different staphylococcal enzymes. For example, we have shown that only the type D P-lactamase exhibits a 60-kDa band on SDS-polyacrylamide gel electrophoresis, possibly because of dimerization from cysteine-cysteine cross-linking. It has been reported previously that the type A, B, and C ,-lactamases lack cysteine (1, 27); however, East and Dyke recently presented nucleotide sequence data showing that the primary structure of type D ,B-lactamase differs from that of type A 3-lactamase by six amino acids, including the presence of a single cysteine residue (10) . Our observations confirm the findings of these investigators. The further characterization of these purified enzymes, including amino acid sequencing of the type B and C variants, should help to explain how small differences in the structure of the four staphylococcal 1-lactamases produce clinically important differences in enzyme activity (12) . These methods also may be applicable to the investigation of ,-lactamase from other staphylococcal species and 3-lactamase-producing strains of Enterococcus faecalis (21) . 
